The detection of nitrogen oxides contained in air was investigated using their redox cycles. NO and NO2 gases can be detected by means of interdigitated array (IDA) electrodes made of Au that are fabricated on a gas-permeable membrane.
Solid-state gas sensors have many advantages; e.g. they are small in size, maintenance-free and possess the possibility of being manufactured through microfabrication.
On the other hand, amperometric gas sensors using liquid electrolytes have relatively stable characteristics, and the sensor current can be analyzed theoretically. Thus, amperometric gas sensors have also been widely studied in recent years, mostly aimed at measuring hydrocarbons, carbon oxides1"4, nitrogen oxides, sulfur compounds5, reduced nitrogen6, oxygen78
and toxic hydride gases. 9 Chang etal. reported on amperometric gas sensors in a review.10 Of these gases, nitrogen oxides represent those largely contribute to acid-rain. The control of gases from exhausts of auto mobiles and combustion is a social problem that we must come to grips with urgently. Amperometric measurements of NO* were studied by Sedlak11"14 and Dutta15 etal. previously. NO and NO2 gases were measured discriminatively by using a Teflon-bonded diffusion electrode through the oxidation and reduction of the gases, respectively. A study from a practical point of view was also reported. 16 Recently, a highly sensitive amperometric measure ment has been carried out using redox cycles, and it has caught wide attention. wafers. This study is the first case where redox cycles were applied to gas detection using IDA electrodes.
The advantages of using IDA electrodes are also expected to be seen in gas-sensing systems. Different from the solution system, however, the electrodes should be fabricated on a gas-permeable membrane in order to obtain good responses and sensing characteristics. We thus started this study in order to develop a technique for preparing IDA electrodes on a membrane, and then, attempted to apply the electrodes to NO* gas detection.
Experimental Electrodes
The construction of the IDA electrodes and the gas sensor used are shown in Fig. 1 . The IDA electrodes were formed, as mentioned below, on a gas-permeable membrane (membrane filter FP-022, Flon Industry) made of PTFE. The fabrication process is shown in air. These electrodes were joined to a dual-potentiostat that was designed and constructed in this laboratory.
Although with a usual potentiostat, the working electrode is connected to a ground-line, the counter electrode of this system was led to the ground-line, because two kinds of potentials must be set for working electrodes. The sensor-housing, made of PVC, was of the flow-throughLift-off and removement from the wafer Furthermore, the sample gas was required to pass through two steps of dilution when the sensor was evaluated at low concentrations. The voltages of the individual sets were applied to the two working elec trodes, and the current of each electrode was measured and recorded.
Results and Discussion
Optimum potentials of each electrode We can see that the sensitivity of the sensor to NO2
was larger than it was to NO. The reason could be as follows: NO gas did not dissolve much into the electrolyte; for example, the solubility of NO in water is 61.7 ppm (w/w) at 20°C and 1 atm.28 Further, the NO2-permeability of the PTFE membrane is larger than the NO-peameability. 16 The collection efficiency and amplification rate were obtained from the curves. By definition, the collection efficiency can be calculated from the current ratio of the generator to collector, and the amplification rate from the ratio of the oxidation current at the dual-mode to the current at the singlemode. In the NO sensing system, the collection efficiency and the amplification rate were 43% and 1.77, respectively. In the case of NO2, the amplification rate NO3+2H++e;=*NO2(g)+H2O E°: +0.81 V (6) NO3-+H2O+2e-^=±NO2-+2OH-E°: +0.01 V (7) The reactions of Eqs. In addition, as mentioned above, the amplification rate of the NO sensing system was found to be larger than that of the NO2 system. From the results, the existence of a reaction peculiar to NO was expected. To confirm this, another experiment was carried out, the results of which are given in Fig. 8 . increase in the amplification rate. In past studies concerning electrochemical analyses using the IDA electrodes17"25, the reactions on the collector were inverse to the generator reactions. However, in this redox system, the reactions were complicated, and it was considered that many reactions occurred.
It seems at a glance that the use of IDA electrodes in a gas sensor of the flow-through-type is not effective upon an increase in sensitivity, because analyte molecules are forcedly supplied to the electrodes one after another from the sample stream, in contrast with the diffusiontype. However, the value of using the IDA electrodes is explained as follows. In gas sensing, at first, the gas molecules diffuse through the membrane and reach the electrode to react on it. The gas reaction area is mainly the point of the electrode contacting with both of the air and the inner solution; the area is very small. However, the products on the electrodes are ions (not gases), and the produced redox species diffuse in the solution to be oxidized or reduced at any point of the electrodes. In this way, it is expected that the sensitivity is also increased in gas-sensing by use of the IDA electrodes.
